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Abstract

Two titania powders modified by 10 at.% of vanadium were prepared by two different sol-gel routes. The powders fired at 650 °C
had the rutile structure. These powders were used to produce prototype thick-film sensors. Four series of thick-film samples were
fabricated by screen-printing, fired for 1 h at 650 and 850 °C. The morphology and gas-sensing properties were examined and
compared with those of pure and Ta-added titania films, previously studied by the authors. Ta addition inhibited the anatase-to-
rutile phase transformation during heating and was also effective in keeping the TiO, grain size in the nanometre range. On the
contrary, V addition facilitated the anatase-to-rutile phase transformation. Thick films obtained from the two powders had similar
conductance behaviour vs. temperature. The gas response of the films was affected by both the grain size and firing temperature.
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1. Introduction

The development of reliable and selective solid-state
gas sensors has great importance both in the field of
atmospheric pollution and in the emission control from
combustion plants. Recently, many efforts have been
aimed to improve the gas sensor performances.
Improved selectivity has been obtained by addition of
catalysts and/or dopants,! while significant improve-
ment of performance can be achieved by decreasing the
particle size down to nanometre scale, thus obtaining an
increased specific surface area.?

The synthesis of new materials is nowadays designed
on the basis of previous experience and investigation.
The results obtained by modifying titania with Nb and
Ta>* suggested to us to investigate the effect of the
addition to TiO, of a few percentage of vanadium,
which still has an extra valence (V>"), while its ionic
radius is smaller than that of Ti*™.
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Vanadium oxide supported over titanium dioxide is a
mixed transition metal oxide with catalytic properties
for several industrial applications. In particular, it has
been shown that the mixture is effective in the selective
catalytic reduction of nitrogen oxides with ammonia,’
as well as in the oxidation of o-xylene,® alkylaromatics
and of various organic substances, such as alkenes, tol-
uene, methanol, etc.”

This work reports the preparation of vanadium-tita-
nium oxide in thick-film form by screen printing tech-
nology for gas sensing applications. Such a technique
allows the production of low-cost and robust chemical
sensors with good reproducibility provided that the
starting materials are very well controlled.®

Two different sol-gel procedures were used to synthe-
sise the V-added titania powders. The best results in
terms of fine particle dimensions were obtained with the
second route, consisting of a condensation in the
presence of titanium halide.

The morphology of all V-added titania thick-film
sensors was correlated with their electrical properties.
The results were also compared with those obtained for
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pure and Ta-added titania films, previously studied by
the authors. It was demonstrated that Ta addition
inhibits the anatase-to-rutile phase transformation and
is also effective in keeping the TiO, grain size in nano-
metre range, thus allowing good gas responses.> On the
contrary, it was observed that the V addition facilitates
the anatase-to-rutile transformation independently of
the synthetic procedure.

2. Experimental procedure

V-added (10 at.%) titania powders were prepared
following two different sol-gel routes. In both cases
vanadium(V)oxichloride was added to a solution pre-
viously made by diluting Ti(OiPr)4 in dichloromethane.
To obtain the first powder (named TiV1) the dichloro-
methane was evaporated and a solution of Ti(OiPr)4 in
ethanol was added to the residue. Adding a solution of
ethanol/water 1:1 a gel was formed and then dried. The
second powder (named TiV2) was obtained adding
TiCl; to the dichloromethane solution of OVCl; and
Ti(OiPr),, evaporating the solvent, treating the residue
with a solution of acetone/water, and then drying the
resulting powder.

Simultaneous thermo-gravimetric and differential
thermal analysis (TG/DTA) measurements, with a
heating rate of 10 °C/min in air, were used to study the
thermal decomposition behaviour of these precursors.
According to the DTA results it was decided to calcine
the TiV1 powder at 600 °C for 2 h, and the TiV2 at
400 °C for 1 h.

X-ray diffraction (XRD) analysis measurements were
carried out using a Philips PWI1830 wvertical dif-
fractometer with Bragg-Brentano geometry (Cu-K,
radiation, 40 kV, 25 mA), equipped with graphite
monochromator.

Thick-film gas sensors were fabricated by screen-
printing technology using the sol-gel processed titania-

based powders. The paste was prepared using a proce-
dure reported elsewhere.® The films were fired for 1 h at
temperatures of 650 and 850 °C. The thickness of the
deposited layers was in the 20-40 um range.

The morphology of the powders and thick films was
analysed by scanning electron microscopy (SEM).

Conductance measurements were performed in a
sealed test chamber (850 cm?®) with different test gases in
dry air, at a flow rate of 0.5 l/min. The operating
temperature range was from 300 up to 450 °C and the
test gases were CO (100 ppm), CcHg (10 ppm), and
C;3;Hg (100 ppm).

3. Results and discussion

SEM observations showed sensing layers made by a
sequence of agglomerates of approximately 10 pm in
diameter, each of them consisting of particles with
size depending on the synthetic procedure and firing
temperature.

The TiV1 samples had larger grains than the TiV2
samples, at both firing temperatures of 650 and 850 °C,
the average particle diameter ranging from 330 to 480
nm for TiV1 samples and from 190 to 320 nm for TiV2
samples. Figs. 1 and 2 show the morphology of the TiV1
and TiV2 samples fired at 650 °C, respectively. Increas-
ing the firing temperature, the sintering process is
enhanced causing the particles to coalesce. Compared
with pure and Nb- or Ta-added titania layers,>* the
morphology of the present samples suggests that the V
addition aids the anatase-to-rutile phase transformation
instead of hindering it. In fact, pure or Ta-added titania
samples fired at 650 °C had anatase structure with par-
ticle dimensions ranging from 30 up to 50 nm; after
heating the samples up to 850 °C, the pure titania sam-
ples had the rutile phase. Furthermore, heating the pure
titania samples to 850 °C caused a large increase in the
grain size up to about 400 nm, whilst the same treatment

Fig. 1. SEM micrograph of the TiV1 sample fired at 650 °C.

Fig. 2. SEM micrograph of the TiV2 sample fired at 650 °C.
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performed on Ta-added titania gave very different
results: the anatase phase was maintained and no
significant increase in the particle dimension has been
observed.

XRD results from the TiV1 and TiV2 powders heated
to 650 °C confirmed the facilitating effect of V-addition
to the rutile structure and traces of V,0s5 were also
observed. XRD results from the TiV2 powders heated
to 400 and 600 °C showed both the anatase and rutile
phases. The different grain size obtained for the two ser-
ies of films are probably due to different phase transition
temperatures correlated with the synthetic procedures.
Following the model proposed by Akhtar and co-
workers, the extra-valence offered by V, as well as by Ta
and Nb, should reduce the number of oxygen vacancies,
thus retarding the phase transition®. On the contrary,
we observed that such phase transition is favoured. This
result can be explained by the fact that the ionic radius
of V°* is considerably smaller than that of Ti**, thus
presenting a lower hindrance to the cooperative move-
ment of ions during the phase transformation.

Nevertheless, the extra-valence of vanadium is greatly
effective in increasing the electrical conductance of both
TiV1-650 and TiV2-650 samples. Fig. 3 compares the
conductance as a function of inverse temperature of the
TiV1-650 and TiV2-650 films with the conductance of
pure and Ta-added titania samples fired at 650 °C. The
pure and Ta-added samples exhibit two region of con-
ductivity indicating a non constant inter-grain barrier
vs. temperature, while the V-added samples show a
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Fig. 3. Temperature-dependence of conductance in dry air of pure
and Ta-added TiO,, and TiVI and TiV2 samples fired at 650 °C.

conductance vs. temperature relation very close to a
straight line (Fig. 3).

Fig. 4 shows the corresponding curves of the energy
barrier as a function of temperature. The method used
to obtain the curves in Fig. 4 is reported in Ref. 10. At
low temperatures, pure and Ta-added samples display a
strong linear increase of the energy barrier which
stabilises the conductance from 100 up to above 200 °C
(see Fig. 3). This means that the increasing amount of
carriers yielded by temperature is compensated by the
raise of the inter-grain surface potential barrier with
increasing temperature.

V-added titania films behave in a different way and
the low values of the energy barrier reflect the high
values of conductance. Moreover, the small difference
between the minimum and maximum values of the
energy barrier, particularly for the TiV1-650 sample,
reflects the large amount of donor states caused by the
extra-valence of vanadium. These phenomena indicate
that these films should exhibit a poor performance as
gas sensors. !

Fig. 5 shows the electrical response (given as the ratio
between the conductance in gas, Gg,s, and conductance
in air, G,;;) to 100 ppm of propene in dry air (measured
at 380 °C) of all the V-added films fired at 650 and
850 °C in comparison to the response of a pure TiO,
film fired at 650 °C and of a Ta-added film fired at
850 °C. Surprisingly, the gas response of the samples
fired at 650 °C are worst than those of the samples fired
at 850 °C, even though the grain size of the former films
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Fig. 4. Temperature-dependence of the barrier energy in dry air of
pure and Ta-added TiO,, and TiV1 and TiV2 samples fired at 650 °C.
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Fig. 5. Electrical response to propene (100 ppm) in dry air at 350 °C
of pure and Ta-added TiO,, and TiVIl and TiV2 samples fired at
650 °C and/or 850 °C.

was smaller. Actually, a similar behaviour was observed
for the Ta-added samples,® but in that case the micro-
structure of the two samples was the same. The V-added
samples do not have nano-sized grain and the samples
fired at 850 °C have a grain size twice the grain dimen-
sion of the films fired at 650 °C. However, the gas
response can be affected also by the presence of different
surface states induced by the thermal treatments'? and/
or by catalytic additives as, for example, vanadium onto
titania. Moreover, the lattice oxygen atoms can play
also an important role in the detection mechanism and,
therefore, further studies are needed to fully understand
the effect. The TiV1-850 and TiV2-850 samples under-
went the same electrical measurements shown in Figs. 3
and 4, and it was found that, at the working tempera-
ture of 350 °C, their conductance values were at least
two orders of magnitude lower than those of the films
fired at 650 °C.

Measurements performed using carbon monoxide
(100 ppm in dry air) and benzene (10 ppm in dry air) as
test gases showed the same behaviour for all tested
samples.

4. Conclusions

V-added titania powders were prepared using sol-gel
procedures. Two different synthetic methods allowed to
obtain powders (TiV1 and TiV2) homogeneously doped
with vanadium and the method used to produce TiV2

powder gave the best results in terms of fine particle
dimensions. Both syntheses produced V-added titania
powders showing the phase transformation from ana-
tase to rutile at temperatures lower than those observed
for pure titania. It must be highlighted that the addition
of Nb or Ta are causing, on the contrary, a hindrance
for the phase transformation. Thick-film gas sensors
were fabricated using screen-printing technology. Pro-
pene, benzene and carbon monoxide were used as test
gases; it was always found that, in spite of their larger
grain size, the samples fired at 850 °C were more sensi-
tive than the films fired at 650 °C. Such findings could
be tentatively attributed to the catalytic properties of
vanadium. Moreover, an evidence is obtained that the
difference between the ionic radii is much more effective
than the extra-valence of the additive to cause a hin-
drance to the anatase-to-rutile phase transformation in
titania.
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